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Preface

This publication contains the presentations made at the Industry-wide
Workshop on Computational Turbulence Modeling, which was hosted by
ICOMP/LeRC, and took place on October 6-7, 1994 at the Ohio Aerospace
Institute. The purpose of the workshop was to initiate the transfer of technol-
ogy developed at Lewis Research Center (LeRC) to industry and to discuss
the current status and the future needs of turbulence models in industrial
CFD. To address the latter, a total of fourteen presentations were made by
researchers from industry. CMOTT would like to thank all the workshop
speakers for bringing to our attention a host of problems which are impor-
tant to industry and for which they think CMOTT can be of help. We are
prioritizing all the suggestions in order to incorporate them into the CMOTT
work plan.

One unanimous recommendation of the workshop participants was to
make the workshop an annual event. This first workshop grew out of the rec-
ommendations by the peer review committee of the LeRC turbulence mod-
eling program, held in September of 1993. It could have not successfully
transpired without the help and guidance of Dr. Chander Prakash (GE-
Aircraft Engines), Dr. Munir Sindir (RocketDyne), and Dr. Saadat Syed
(Pratt & Whitney), and for this CMOTT would like to thank them.
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TURBULENCE PROGRAM FOR PROPULSION SYSTEMS

N95- 27883

Tsan-Hsing Shih
Institute for Computational Mechanics in Propulsion and
Center for Modeling of Turbulence and Transition
NASA Lewis Research Center
Cleveland, Ohio

BACKGROUND

e CMOTT group at LeRC has been in existence for about 4 years. In the
first 3 years, its main activities were in developing and validating tur-
bulence and combustion models for propulsion systems, in an effort to

remove the deficiencies of the existing models. Two workshops on com-
putational turbulence modeling were held at LeRC (1991, 1993).

¢ A peer review of turbulence modeling activities at LeRC was held in
September, 1993. Seven peers (GE, P&W, RocketDyne, Cornell, Berke-
ley and NASA Ames) conducted the peer review. The objective of the
peer review was to assess the turbulence program at LeRC/CMOTT
and to suggest the future direction of turbulence modeling activities for
propulsion systems.

¢ Important messages from the peer review:

¢ “LeRC should spend substantial effort being responsive to indus-
try’s current pressing perceived needs; this involves extensive dis-
cussion with industry during every phase of model development,
analysis of industry’s problems, goal oriented model development,

evaluation of models relative to industry’s intended application
»n

¢ “LeRC has an obligation not only to respond to industry’s re-
quests for help, but to play an autonomous, independent leader-
ship role in providing models of the highest quality, ...which can
be employed not only by the aircraft gas turbine and rocket indus-
tries but also by other industries ..?

¢ “In the present financial climate, industry does not have the re-
sources to undertake model development and evaluation. LeRC’s
help in this regard via the creation of its turbulence modeling ef-
fort, is, therefore, welcome from the industry’s standpoint.”

¢ “It is important to work with the industry to evaluate the models
and rank-order them by performance and cost in order to identify
the most appropriate models for particular situations.”

¢ Many other useful suggestions and comments including collabora-
tion with industry, joint programs, industry-wide workshop ...



PROGRAM GOALS AT CMOTT

e Develop reliable turbulence (including bypass transition) and combustion
models for complex flows in propulsion systems

Integrate developed models into deliverable CFD tools for propulsion
systems in collaboration with industry.

PROGRAM APPROACH

Develop turbulence and combustion modules for industry customers

Industry collaboration and technology transfer

Model development for propulsion systems
¢ One-point moment closures for non-reacting flows
O Scalar PDF method for turbulent reacting flows

O Validation of existing and newly developed models



Development of
Turbulence and Combustion Modules

¢ Objective

¢ Build a quick and efficient vehicle for technology transfer to indus-
try

o The features of the turbulence module:

¢ It contains various turbulence models from which users can choose
the appropriate model for flows of interest

O Tt is self-contained, i.e., it contains its own solver for turbulence
model equations

$ It can be easily linked to industry’s CFD codes

o Turbulence module for NPARC code has been developed, tested, and is
ready to be released

{ The models built-in at the present time:
Mixing length, Chien k& — e, CMOTT k — ¢ models
{ The model to be built-in:

CMOTT algebraic Reynolds stress, Reynolds stress transport
equation models and other models based on the request from in-
dustries.

¢ Built-in robust, realizable numerical solver for model equations.
¢ General turbulence modules

{ Can be used for both compressible and incompressible flows.

$ Interface programs for different industry CFD codes

¢ Built-in models will be periodically updated.
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Nozzle exit height = 0.122 in.

Fig. 3. Schematic of ejector nozzle test case.
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Collaboration with Industry
and Technology Transfer

o Joint research programs with industry

¢ Preliminary programs with eﬁginé companies and others have been
initiated (GE, P&W, RocketDyne, Naval Research Laboratories)

¢ Develop further joint research programs related to the industry’s
projects

¢ Industry-wide workshops will be a regular program (once everj' two
years)

¢ Release Lewis turbulence and combustion modules to industries

¢ Diséuss the needs of industry

Models developed at CMOTT

Isotropic eddy viscosity models

Reynolds stress & scalar flux algebraic equation models
Second moment transport equation models
Multiple-scale models for compressible turbulent flows

Bypass transition models

CE - ol A o

PDF models for turbulent reacting flows

PROGRAM SUMMARY

Reynolds stress models

TURBULENCE
MODEL

DEVELOPMENT PDF combustion models 4 1 ™\
JOINT N
C , PROGRAMS D
M TURBULENCE & NPARC code AND R
0 o ETIoN Maln industry’s codes S
T MODULES WORKSHOP ;
T )

, ™\
DIRECT APPLICATIONS Non-rotating parts ’j_)
IN PROPULSION Combustor problems |

SYSTEMS Turbomachinery )
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Isotropic eddy viscosity models

e Objective
O To examine the deficiencies of existing models
¢$ To develop better eddy viscosity models

e Current status of existing k — ¢ eddy viscosity models

2 k2
~uiu; = vp(Uij + Ujs) — gk&':’, vr = Cufu—
Dk De
DE _ k) . pk) _ . De_ ey ple_ ple) C.
Di T* 4+ P ‘€+WC, Di + P D\¢' 4+ W.C

& They are not tensorially invariant due to f,(y*), W.C.(y")

¢ Model constants are not consistent for flows with and
without wall

¢ Normal stresses may violate realizability
¢ Do not work very well for flows with pressure gradients
o Development of a Galilean-, tensorially invariant, realizable, k£ — ¢ model

& New damping function f,(k/Sv) is proposed to remove the depen-
dence on y

¢ New dissipation ¢ equation is introduced to give better
response to pressure gradients

O Consistent model coefficients for all flows
O Realizability of the normal stresses is guaranteed

O Modified wall function for cases with pressure gradients



o CMOTT %k - ¢ eddy viscosity model

— 2 k?
—'u,,-'u,j - VT(U,',J' - Uj,,’) - gké,’j, vr = C#f,_,—e—
Dk
—D-t- = Tk + Pk — &
De €2
E—T€+lelss—02k+ r——V€+f¢

& fur f1, fs are functions of R = k/Sv, which is tensorially invariant
o C, = A_ﬁ:A:lTk/e’ which ensures realizability for normal stresses

¢ & represents the effect of inhomogeneity

' 2 4
®=06VEVE +b2€_—-VS VE + bgl:—ZVS vSs

e Validation

Flows:
¢$ Channel flows
¢ Boundary layer flows with and without pressure gradients
¢ Planar jet, round jet and mixing layer
¢ Backward-facing step flows
¢ Complex flows related to industrial applications
Models:

¢ Launder-Sharma, Lam-Bremhorst, Chien,
Nagano-Hishida, ...

¢ k — w model (Wilcox)
¢ CMOTT k — £ model
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Spreading Rate of Free Shear Flows

exp. st. k —¢|Chien{k —w|CMOTT
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Algebraic Reynolds stress models

e Objective
¢ To examine the deficiencies of existing ARS models
¢$ To develop better ARS models

e Current status of ARS models
¢ Second-order closure based ARS models (Rodi, 1980)

Ui _ — 1 -
— (P —¢) = —uuUjk — GTUsk = ;(P,iuj +p,5ui) — 200k U5k

Comments:
* Assumption: ¥z, /k = Const., (@H;ux) x = (ku;); =0
* Numerical difficulties

¢ Pope’s explicit ARS model (2-D flows), Taulbee’s ARS model (3-
D), Gatski and Speziale’s ARS model

¢$ Other methods: RNG, DIA and invariant theory

12



e General constitutive relations from invariant theory

2 K? 2
Uiu; = Ek&j +2a2_6—(Ui’j + Ui — 3U,,5,J)+2a4 3 (UzzJ +U2 §H15,‘j)
K3 1
+ 205 — (Ui Ujx — -511251'1') + 20:7‘?‘(Uk,iUk,j - §H25£j)

. K* . 2 K4 . , 2

+ 2a85‘_3(Ui'kUj U kU ) Mo §H36;J) + 2"'10'6_3‘(Uk.iUk,j + Uk,jUk,i - §H35,J)
K5 1 K5 1

+ 2012 (U737 — 3T0edis) + 2015 — (UE:UR,; — 3Tadss)

2
—Hsé;;)

K5
+ 2a14—(Ui,kUz xUF; + U; n Ui UL — 3

K 2
+2a16 5 UinULUL; + Uj .kUz wUTi — 3Tebis)

+ 2a1s-€T(U¢,kUz,kU12,mU2 + Ui Ui iU n Ul §H75ij)

e RDT and realizability constraints (Reynolds, Lumley)
o CMOTT algebraic Reynolds stress model

2
Uy = §k6"" - Cy 25* + 202-—( -Sh -l- Q;‘kS,’:J-)

ke+ Usik; = [(v +—)k1]1 ;Ui — €

2
ext+Uje; = [(v+— )e.,] ;= Ca= Eu,u,U,,- - cez%
where
1 /1 - 0Ca(EEY
Cv= g7 mlE 7 g ypuEx
k2

=C,—, 4r=65 Cr=10

Ccl = 1.44, 052 - 1092, O = 1’ Oe = 1°3
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e Validation

K/Ko

¢ Rotating homogeneous shear flows

¢ Backward-facing step flows

{ Confined jets

¢ Complex flows related to industrial applications

Configuration of rotating homogeneous shear flow
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SWIRUING FLOW
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Scalar turbulence model

e Objective

To improve the predictive capability of current scalar
turbulence (02 - €) models

{ A new scalar ﬂux constitutive relation

¢ A new scalar dissipation rate model equation

k3

— k2 2 2.4 . |
uild =— C,\?(;)l/ze, +-€-§(;)1/2(02Ui,j + ang,,-)e,,-

(“Te ) - 20822 _ o,

Ui 6:c oz;

Oep _or g€ €ge
Uja— 3z, =(— -, 69,]),3 +Cor€05 + Cozq/ 5 Pr =-S5 — C’es—

(24 2r + 0.57%)
26+ 3.27% + 282

Cr=

Sr = \/9,,'@,,', S = \/25,']'5,'_,', = Sk/e, E= f(e%)llzs'r, T= ?-CE%
Co1 =C — 0.13, Cyp2=0.63, Co3=Co ~ 1, o:=1.0, oy =138
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Tavoularis & Corrsin Expt (1981)
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e Validation
¢ Homogeneous turbulence subjected to 80/dy
¢ Homogeneous turbulence subjected to 8U/dy, 8©/0y

¢ Flat plate boundary layer with constant surface
temperature

e Work in progress
¢ Model assessment for different scalar boundary conditions

¢ Model extension for integration to the wall

Sirivat & Warhaft Expt (1983)
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Second Order Closure Models

Duu; 2
Dt 30

_m. - Rapid Return _
= Tj; + P; + IR 4 IR -

e Objective
¢{ To assess existing models
O To find the direction of improving closure models

e Basic model forms

P = Fii(Sij, ;)
H%eturn — Fij(uiuja v, k, 5),
Tij = Fy ((uiuj),k, k, 5)

e General comments on second order closures:

O The model, I*P is relatively well developed compared with
j
other terms

¢$ The model, I[F;-"t“m, is least developed

¢$ A Galilean and tensorially invariant second order closure model
has not been well developed yet

¢$ All models have large errors near the wall, especially in the buffer
layer; therefore, for engineering application, the wall function ap-
proach is suggested at the present time

21



» Application of realizability to IP and LRR models
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Multiple scale k-¢ model

e Objective:

{$ To consider the effect of a non-equilibrium energy
spectrum on eddy viscosity for compressible turbulence

e Approach:

¢$ Use multiple scale concept introduced by

0 Large-Scale

Dk, 0, ur 0k o .
s, = 3y[( +a£; ay] ﬂT(a‘;) - 76 + fo
_Dg 8., pr. 05 & ou ;2
t ay[(lu G'E;)a ] plkp”T(ay) D2p kp + fcg

e fc; — exchanges between the turbulent kinetic energy and internal energy

o fc, - increased spectral energy transfer due to compressibility effects

{0 Small Scale
Dk 8, pr Ok . _.
s = ;9-17[( + ;g) 5y T Pe ~ P&
D& 98._, pr,0& _E&ép &
t By[( a~) 0 s .
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Model Evaluation

o Turbulent Shear Flow
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« Shock/Turbulent-Boundary-Layer Interactions

¢ transonic flow
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Flow over a Bump—Bachalo and Johnson (1979)
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Bypass transition models

e Objective:

¢ Develop transition models for flows with free stream
turbulence

e Approach:
¢ Using K-¢ model as the base model

¢ Introduce effective intermittency to either the eddy
viscosity or the k-¢ model equations
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PDF modeling of turbulent reacting flows

e Objective:

¢ Develop models that can accurately simulate finite chemical reac-
tions in turbulent flows.

¢ Develop and validate independent PDF models.
| ¢ Technology transfer.
e Approach:
¢$ Joint pdf for scalar compositions.
¢ Moment closure schemes for velocity field.

{ Develop hybrid solver consisting of Monte Carlo method and
finite-difference/finite-volume method.
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TURBULENCE MODEL DEVELOPMENT AND APPLICATION AT
LOCKHEED FORT WORTH COMPANY N95_ 27884

Brian R. Smith
CFD Group
Lockheed Fort Worth Company
Fort Worth, Texas

Broad Range of Flow Problems of Interest

Wide Range of Flow Conditlons:
Subsonic - Hypersonic
Internal - External - Store Separation
Crulse - High Angle of Attack

Flows phenomena of Interest:
Inlets/Diffusers

Streamwise Curvature Leading Edge Separation ~ Cowl Lips
Shock/BL Interactions Separation Induced Unstart
Rectangular Duct —» Circular

Nozzles
Entrainment Film cooling, Uners, Vanes
Round—pm=- Rectangular Duct - Swir
High Speed Shear Layers

External Aerodynamics
Vortex 3D Boundary Layers
Leading Edge Separation Wakes

Shock/BL Interactions

The CFD Environment at Lockheed Fort Worth Company

Most codes developed or highly modified in house

General grid generation and solvers for diverse applications
Structured and unstructured solvers

Computational efficiency important

e Complex geometries, many gridpoints

e Large arrays of flow conditions
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Requirements for Turbulence Models

Turbulence Modeling Priorities for Industrial Application

» Validation
High accuracy for attached flows
Reasonable accuracy for all flows
High confidence level

* Computational efficlency
* Robust for complex geometries
¢ Transitional modeling capablility

To obtain acceptable accuracy, propuision flows demand more sophisticated
turbulence models than do external aerodynamic flows

The k - kl and k - | Two Equation Turbulence Models

Advantages of using kl or l instead of e or ©
ki and | equations are easler to resolve numerically than ¢ equation

Dissipation Length Scale is an integral length scale

-Can derive equation for volume integral of two point correlation function.

-Theoretical ¢ equation is dominated by small scales

k- kl and k - | agree better with compressible boundary layer data than
does k-¢

Disadvantage - current formulation requires calculation of distance to walls

k -kl model k-1 model
« Includes unique, consistent wall « Derived from k - ki model - identical in
function high Re turbulence
« Accurate for transonic flows « Near wall model simulates k in viscous
sublayer

30

UL, LI



The k - kl Model Wall Function

Wall layer model derived from and consistent with the k - kl model

@ Assume convection in momentum, energy and turbulent kinetic energy
equations to be negligible

® Boundary layer approximation

Match velocity, k and [ at first grid point in Navier - Stokes solution
First grid point can be In viscous sublayer, buffer or logarithmic region
Boundary conditions on k and | simple for k - kl model

Advantages of wall functions
® Reduces number of necessary grid points

® Reduces number of iterations to converge steady state solution 60 — 90%

Wall Functions are Accurate for Separated Fiow Applications
Axisymmetric Bump, Transon Flow Experiment o LT

TR

Accurate predictions with and without wall
functions

AQO experimental Data
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The k - | Model with Near Wall Model

kl equation s transformed exactly to an | equation

Advantages of k - | formulation
e | Is linear near wall, «l nonlinear and very small

@ Near wall damping terms disappear

1

® Production term drops out with current cholice of constants

k~Imodelincludes;: .
e Transitional flow modeling

® Compressibility corrections

Modeling of details of k profile near wall important for hypersonic flows

® Magnitude of normal stress term comparable to static pressure

(1]

o Near wall density variations large

I Equation Much Easier to Resolve than ¢ Equation

£ equation requires fine grid from wall to y* of 20 to resolve peak
Exclusion of near wall viscous dissipation term aggravates problem

«Logarithmic reglon, €< 1/y

I equation is nearly linear near wall - much less sensitive to grid resolution

Length scale and dissipation profiles near wall
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Resolution Study with k - € and k - / Models

Kk-ewith Launder-Sharma  ~ k - ¢ with Lam - Bremhorst
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Sample Applications:

Mach 8 Shock Wave Turbulent Boundary Layer Interactions
F-16 Inlet Derivitive, Isolated Duct Study
Multi-slot Ejector

F110 Nozzle Drag Reduction Study
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k — I Model With Compressibility Correction gives Best Prediction
For Mach 8 Shock Boundary Layer Interaction
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The k - | Model Predicts Turbulent Shock - Wave Boundary
Layer Interaction Well

Mach 8, 10 Degree Wedge Generator
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2D case, Separated Flow
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Afterbody/Nozzle Pressure Distributions Match Test Data
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Contours

Good Predictions of Multi - Slot Ejector Obtained with
k - ki Model
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Summary

Computationally efficient k - | and k — ki models have been developed
and implemented at Lockheed Fort Worth Company

Many years of experience ?plylng two equation turbulence models to
complex 3D flows for design and analysis
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A SUMMARY OF COMPUTATIONAL EXPERIENCE AT GE AIRCRAFT ENGINES FOR
COMPLEX TURBULENT FLOWS IN GAS TURBINES
N95- 27885

R. Zerkle and C. Prakash
GE Aircraft Engines
Cincinnati, Ohio
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OVERALL CONCLUSIONS
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INTRODUCTION:

e Indications are that the standard k—e turbulence model together with
standard wall functions are adequate for CFD simulations in cavities
away from the primary gaspath of a gas turbine engine.

e However, CFD simulations in the primary gaspath and in blade cooling
passages require more advanced turbulence models.

e Therefore, this presentation will summarize some CFD experience at
GEAE only for flows in the primary gaspath of a gas turbine engine and
in turbine blade cooling passages.
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